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WIND POWER GENERATION 2TYPES OF WIND POWER GENERATORS
DESIGN CONSIDERATIONS

Two main types of wind power generators are now
4 used: the hori/ontal axis type and the vertical axis
U INTRODUCTION type. The most common is the horizontal axis systcm.

which has an axis rotation parallel to the wind Ilo%.
% Figure I shows the main components of a hori/,ontal
" Background wind power generator. In a generic wind power

Windmills were used as a source of mechanical generator system, blades develop torque due to wind
energy by Chinese and Persian civilizations. Wind flow causing low speed hub rotation (below 200 rpm).

* turbines generating electricity were developed and To match the rated speed of an electric generator, a
, constructed from the late 1800s through the 1950s. transmission would increase rotation to about 1800

but none could operate competitively with coal- and rpm.4 Because of the variable nature of the wind, the
" oil-fired steam plants.' Since 1973, however, interest electricity generated has variable voltage and fro-
. in wind power generation systems has been renewed quency. Therefore, the generated electricity is deliv-

because of the increasing cost of electrical energy. As ered to a power conditioner, which provides constant-
part of the Army's goal to conserve energy,2 a number voltage synchronous power for use or storage. To
of experimental wind power generators have been capture maximal wind power, the system must be

" developed through a Federal wind-energy program. able to follow wind direction by means of a rotating
These generators, which have been constructed and tower or a rotating bed plate. Restrictions can be
tested successfully, have output ratings of 100 kW placed on the main shaft and the blades to stop or
2(X) kW. 2.0 MW. and 2.5 MW.' Wind power control blade rotation. A brake installed along the
generation systems with output ratings ranging from main shaft stops blade rotation when activated either
.5 kW to 25 kW can be purchased commercially. manually duringmaintenanceshutdownorautomat-

" Wind power generators can potentially supplement ically when the turbine exceeds speed limitations.
- electrical energy cost-effectively at some Civil Works Other restrictions controlling turbine rotation speed
, operational sites. However, not all sites are feasible include changing blade pitch, flaps or spoilers on the

choices for the use of such systems because certain blade surfaces released by a centrifugal switch, and
physical factors would limit the generator's perform- full aerodynamic blade stall.
ance. Thus, guidance is needed for site selection.

The vertical axis wind generator has an axis of
rotation normal to the wind flow. Figure 2 shows

* Objective classifications of vertical axis systems: the Darrius,
The objective of this report is to provide guidance which is the most common vertical axis system: the

for site selection and design considerations of a wind Savonius; and the cycloturbine. Darrius-type rotors,
power generation system suitable for Civil Works composed of curved blades with airfoil cross sections.
operational sites. have low starting torques, operate at high tip-to-wind

speeds, and generate high power output per turbine
weight. 5 The Savonius rotor operates when the wind

Approach encounters the concave side, circulates through the
Existing documentation on wind power generators center to the back of the convex side, and generates a

was reviewed. Pertinent information was extracted negative pressure creating additional torque on the
which related to wind power generation system rotor. The cycloturbine controls blade pitch by a cam
design criteria at Civil Works field operating activity device: this device operates according to a preset
sites. schedule of angles to use the aerodynamic forces on

the blades most favorably.

The components of a vertical axis system arc simi-
*D Pal. 'in/d Pvi er Itli:u(,i (td, (Port Hueneme: Na,,al lar to those of a hori/ontal Iaxis systen w,.ith tilt-

Civil Engineering I ahoralor, lires. 1981). p I.

:ER I lI-I. ('.r,/ H I:nginei'r% /ini'rgi Pro..,rapn It J.S. Depart-
mcnt of the Arm% (5 April 1982).

'Michael G McGraw. "Wind-Turbine Generator Sytem..... Pat p 76

EU',trioal H'orldlMay 19811. p 9x ' al. p X2
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O Bed plate
OAlternator
O secondary drive shaft0

O Transmission
G Turret shaft and bearing

0 Tower attachment

0 Tower
®Brake

Main shaft

@Main shaft bearing
QBlade
@Root shaft
@Hub
GRotor

Figure 1. M cchitn Ica I com ponen tsof a typica I hori 7o nta I i nd power gene raror. (Ad itptcd twi rom). Pa 1.
* '.' *Wind Potter I nf:izii('z (Guide Pert Hueneme: Na'~al Civil Engineering V ahoralor\ Pre,,",
'4. 1981. p XI.)



CHARACTERISTICS

0Self-Starting
0Low Speed

o Low Efficiency

SAVONIUS ROTOR

DARRIEUS

Rockier arm

B -

CYCTOTURBINE

igure 2. 1 hree dlaification'f of \ctcal a xis NN ,temv, (1rn 1 ). Pal. 6111i '(hIh~i,

[Port Huencme: Nasal 0%11 1-nginccring I ahoratoi Prcs. 19I]. pp 71. 82.)
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Figure 3. Ratio of blade tip speed to winmd speed. (From 1), Pal. If id I m er I tili:utoi (,uwdc Pw i
Hueneme: Nasal Cisil E--ngineering Laboratory Press. 19811. p 74.)

l0



fol lowing except ions. Fi rst, thle tranusmission anid I Able

generator. which are ii rhine-activatted, can be loeat- Flonu h-mw~rnit I ofe

ed close to the groui~d. s% hich leads to less cxpenise ii Ia
%% I mI It Ii tIIIIc tInc, hll I i , I

maintenance and allows si mple tower Construction. ' ill i if hii i~ t Ii I ! h, itI Itt 4

Second. a rotating tower or bed plate is not needed
because vertical axis systems can accept ssind from

*.an), direction. Third, fabrication costs tend to he usellIdlie of t a 'And possCi generaI.tion ss 'ICem
% lower, and increasing the scale of the generator strue- estimated ito be 25 %cais. bossesci. ind idudl I . ii pit-

*ture for a greater output power rating is easier."Table nients may, Iatigue soonert I ible 2 giseCs CUIdIine11C 101

I summarizes further differences between the twAo thtenogia ests dpoercurri
types of' wind turbines. Figure 3 shows power ciii- sSteml components.

ciencies for the mos;t common hori,'ontal- and verti-
cal-type systems.

* Wind power generators can also he classified ac- 3 DESIGN STUDIES
cording to su/e. Small wind power generators usu-
ally produce less than 20 kW and may or may' not have
storage. [hey canl supply energy for one to three Several studies Thou Id he completed betor e a rimd

residences or for a small commercial establishment, power generator is procured I rrst . candidare. sitcs

Medium-capacity wind power generators produce 20 should he selected \s hich arec close toI the Piiu otl

to 2(0) k W and can he used in commercial operations. po\%cr consumption. 11,io. the least ens iroricnrtal
multi-family residences, and light industry. Large impact. arid are exposed to the miamum1.11 asaitlrble
wind power systems, generating 200 kW to 4 MW. are \kind. Second. montlk %kind eliocitres at the lie

used by heavy industry, large-scale commercial oper- should he evaluated to determine the asailable \ssrnd

ations, and utility companies. power. Ifolweather data for the area do not acrratlslo
Size, type, design, and location affect the operation represent the site conditions, more data irias has, c to

and Maintenance costs of a wind power generation be collected to determine true \4 ind speeds. I bird, thle

.'system. Limited data based on operational equip- power generator capacity depends on the si/e of the
ment in Denmark reveal the following operating and generator rotor and the %osind selocit\s I herelore. to
maintenance costs: plants up to 10 kW accrue 3 to 5 4etermine the si/c of the \kind generator rotort

percent of equipment capital costF-, plants from 10 n -eded. energy load reqtiiremnerisshould be stinmated
kW to 20 kW accrue 2 to 5 percent of* capital costs: natoi ai.IhsesalissoiI iub
plants from 20 k W to 100 k W accrue I to 2 pcrceii of compared \% it1 "i 11rd s eloci ics .11 tile suei 11i kii 1l.i1c

-. capital costs, h and plants greater than 100 kW expend teappropriate rotor si/e.
about I percent of' the capital costs.' The overall Alter the systemi si/e has been established, thec

tower. syst em components, arid posser condil imng
I Abe equipment should he selected. I-inals. ati econormic

*~~\ in I5 urbic of hsarrgd risl jc. analy~si sshould he pert ormed es aluat ing thelIift. c .ecc

coist ol the selected s ' steri. Met hodolog\ similar to)
1km Iori~~nia .5 is Ser~ieI . ~'~ the N atiorial Bu rca uot Standards 'Saimrngs to Ins st -

I~iiciiiii ~ i~icchi.,i ~ i~i~ii ment Ratio" should he used] to establish project
(1cr nticict:11,(I 'l Ikl~cfeasibility.'

1,0 'l l I iinit Nc, S TiiC

1,tI 4 xi1pi.i Illrigid lic t"id A SITE ANALYSIS: ENVIRONMENTAL
ii ici it Chutniim t4 ICONSIDERATIONS

Because improper siting is the ria~ orUN caoef
t'it Itutiul i~iiu't~i (ihuitaldissatisfaction to users ot small \% ind posser L!uetiII-

d*., ~ n~ ait Iitors. location should he thorirughhs arials id bet ire

111" 1 41011 ia d Iiuu...t Iu Kuig 1  .....

PI

0,I0tk 'i~k l~ l 4 ,1 1111m 1

1) Pal'. P I xII u f l~nd r , 1 ).1
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1 constructing a wind power generator." When consid- in contact with the rotating wind generator blade and

ering installation of a Wind system, the following two scatter into secondary interference signalIs, cdcral

problems must he solved: ('onmunications ('ommission (FC(') guidelines

6_': should be u,,cd to curtail significant electronag.netic

I.-'Finding an acceptable location for the system transmission Interh.renic. I hc radiation pattern (d

within a given area. the reccising antenna determines th. shape of the

ione around the microssasc-link receiscr , ithin

2. Accurately estimating Wind characteristic,, at 4).hich Wind generators should not he located O [igirc

l;_.-each candidate site to determine the optimal location. 4).

The general location for a wind power generator Soil erosion, water pollution, and disturbances ot

should be close to the point of power consumption. plant and animal species ma\ arise iflo rest areas are

Generally. the land area required for a tower of a cleared to increase wind flow on blade surlaces

small-scale wind system (5 to 30 kW) is 225 sq ft. Ihe When a wind s\stem is placed on coastal regions.

area for a 1.5-MW turbine is estimated to be 21.780 topsoil and segetation erosion ma\ occur. causing

sq ft (.5 acres)." Also. a wind generator location slope failure and disruption Ol the coastal sediment

should not conflict with logistics or the installation's transport system.'

mission and must consider legal constraints such as
land zoning laws.
%-k" 5SITE ANALYSIS: WIND

Environmental impacts of the wind pokser genera- 5 CHARACTERISTICS
tor on the surrounding area should be studied in

depth before a location is selected. For example.
recent studies show that large wind systems can cause
noise disturbances.'2 When blades pass through After candidate sites or the %kind pokscr gcncrator

wakes downstream of the tower vertical support have been found, the wind characteristics at each

members, nearby residents report a low thumping should be determined to establish the optimal loca-

noise and vibrations. However, small wind systems tion. First. the prevailing wind direction (i the arca

have not been known to cause these disturbances, should be identified. [his can be determined thr,,ugh
wind summaries provided b\ the local ktcathci

Wind systems can also cause reception difficulties station or from measurements at the location. Nest.

in television video signals, up to I 4 mile from the the terrain ocer which the Wind f1o\s should be

VHF signal and 3 miles from the UHF signal.'" As studied. Changes in terrain. discontinuiticN In stiltacc

the TV channel frequency increases, interference of texture, and man-made structures arc factor' " hich

video signals increases. Interference problems may be aifleet ground wkinds. When dletermining the site's

resolved by placing the wind generator system in an wind characteristics, one must understand hokA the,c

isolated cardioid-shaped area (see Figure 4)." A large obstacles disturb ssinds: this %kill show the region (1

rotor blade and a high-frequency transmittal require maximum wind velocit. and asoid the problem o

a larger area. but the cardioid shape remains the same siting the generator in a region of loyk k% md speed. I n

for various sizes of wind power generators. Since general, wind power generators are best applied at

most TV signals are horizontally polarized. television remote sites Where average wind speeds exceed 10

interference is less of a problem for vertical-axis mph. J he generators should be exposed to the

systems than for horizontal-axis systems.' maximum available Wind.

Microwave communication links and electromag- For most wind generation s.stems, high \ind

netic transmission may be altered when signals come speeds (greater than 45 mpn) ma.' produce conldui ions

requiring wind generator shultdo n to a \oid darn-

. Pal. P 1 age.' Ohsiouslh, calm conditi ins render a wkind

''Mark I Ha-sci.iml hpwrit ii thuhnfati (Ann Arhor powker generation ss'stem Inoperable. (aliii spcls

t'ni~ersit% 0l Michigan. 19X2), p 62 genera lly occur dturing 30 percent of the year at a site

Neil Kelle,. "Vind- I urhinc Nois. ReI, ch Rt St'RI.- hi

R'vei, (Ma. .hune 19821. p 6

"M ark I lta,,tc. p (), \t0 ld (, ( Mt(.,( \k 
.  () IIii

*l "~'Michael ( Mc(tra%, I Ii\,,lk I II,,,ct. p S,9

"M ichael G. Mc(irav,. p I 1 "i FYI. p 4

12

2. 2-



a:

~Transmi tter

Wind
Turbine

Receiver

Figure 4. Interference liith micro%%axe and TV reception caused by wind turbines can be avoided b%
siting the wind turhine generator clear of forbidden /ones left for a microwave-link receiver
and right fbr V. (From Michael I. McGraw. "Wind Turbine Generator Systems," [lectrical
HW(r/lMay 19Xl11. p lO8.)

hihvlct

(a

Figure S. 'I ypical flow patterns ov er two-dimensional hills. (From 1). Pal. 1,1"in Power O ili~tiun
(iside' Port Hueneme: Naval Civil Engineering Laboratory Press. 19X 1j, p 23.)



with an annual mean wind speed of7 mph and during I hermally driven circulatlaion. such as that lo ml

3 percent of the year at a site with an annual mean along coastlines, occurs in dcprcssions. this icsults III

wind speed of 25 mph. A loss of energy generation winds that flow in and out of basins or up and dow n

from calm or high wind speed conditions results in sloping mountain valleys. Another condition comdi-

higher storage requirements and lower system effi- cive to enhanced wind velocity is when a mountain
ciency. range separates two distinct air masses, as along the

West ('oast of the ,L nitcd States. Cool, dense, main 1c

Hills and Mountains air is separated from warmer. less dense incrior air

Hills can be divided into two categories: This causes strong pressure gradients across the
- Two-dimn'sioal hills are long: the wind i mountains which create high winds through rnan\ of

perpendicular to the side of the hill. Figure 5 shows the passes.

typical wind flow patterns around two-dimensional
hills. The maximum wind flow occurs at "approxi-
mately half a hill height above the hilltop and the Wind flow will separate before it touches the edge

magnitude of these winds is equivalent to wind of a man-made structure. There is usually a large.
velocities at three hill heights over level ground."'' recirculating eddy on the lee side of the building:

(See Figure 6.) from here the wind flow reattaches about 16 building

2. Three-dimensional hills, as shown in Figure 7, heights downstream of the initial separation. Figure 9

have reduced wind speeds at the hilltop and high shows this pattern and the recovery of velocity at
wind speeds down the lee side of the mountain."" various heights and distances from the building. The

higher off the ground that reattachment occurs, the
The advantage of siting a wind power generator on sooner wind velocity recovers behind an obstacle.

top of a two-dimensional hill is that the hill acts like a Therefore, if a wind power generator must be located
large tower, which puts the generator in an area of downwind of a man-made structure, the generator
higher wind velocity. Placing a wind power generator should be either tall enough to protrude outside the

on the leeside of a three-dimensional mountain is recirculating region or located far enough down-
advantageous, since wind flow in this region is stream that wind flow is reattached before it reaches
accelerated, as a result, increased wind power is the generator blades.
available. Elevated terrains upwind of a wind power

generator site are a disadvantage, since they could Surface Discontinuities
totally obstruct high winds from the site or cause A change in surface roughness will occurwhere the

excessive turbulence and wind gusts. sea or lake meets the shore, where a forest mcets a

plain, or where the city edge joins a rural community.
Valleys, Canyons, and Passes A surface texture changing from rough to smooth or

A prevailing wind flowing parallel to a valley, from smooth to rough forms an internal boundary
canyon, or mountain pass may cause a tunnel effect- layer where wind flow is altered. Figure 10 shos the
this would increase wind velocity, especially where altered wind flow and the most advantageous site
the depression narrows or where its sides become positions within these wind profiles.

steeper. However, this effect does not always occur. If
the valley or pass is in a relatively short ridge, the Flat Terrain
wind could blow around the ridge and not through
the gap. Likewise, if a valley is in a ridge and is Flat terrain is defined as land whose "maximum

terrain relief (h) is less than 200 feet within a 2.5 mile
nsheltered by surrounding hills, there may be no radius of the site" and whose wind power generator

"is at least 2 h to 3 h above ground."" (See Figure I I.)

When the prevailing winds blow at right angles to Flat terrain is homogeneous if the surface roughness,~he the prevailim wind bloe atin righ angle toe erwn

the valley, the flow down the lee side of the mountain is uniform mile upwind of the site. Here, wind
velocity can be increased only by increasing the tower

increases during stable atmospheric conditions. How-
ever, during neutral atmospheric conditions, the height. Flat terrain is not homogeneous if there are
prevailing wind perpndicular to the valley can form obstacles or changes in the surface roughness up% ,ind

preaiin thed liieattou.ula to the aalla isn formorneno i
a recirculating eddy on the lee sidc ' ' (sec igurc K1 op tio hOciion. s avaiableII ie 1re1 1 it s peedhrligt'tol ,'
"..'-" oplH~o l % ,'vlVllable Ito int'rtlcan will|d sip td iiI(h1l1t.

') Pal. p 25 1) I'al. p 2'

'.D Pal. p 26 1) Pal. p 123
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4

4 U4  U3

3 3 2

2 2 2 veaoiumregion of velocity//voct
reduction

10 6 -4 - .x 2 4

Figure 6. Wind flow over two-dimensional JIliptica I hill. (FIrom 1). PA, Win4 Imd Pr rrih:afioti (luhA'
Port Hueneme. Naisal ('isil Engineering laboratory Press. 19X 1I p 24.)
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Figure 7. Lee waves forming hehind it mountain. (From D. Pal. Windl Poer t ii~up Guide, Port
Huenenme: Naval C'ivil Engineering [aboratory Press, 19811, p 25.)

Figure 8. Schematic representation of downwash in a valley. (From 1). Pal, 14 inu/ Power C fili:atiol,
Gid~e [Port Hueneme: Naval Civil Engineering Laboratory Press. 19811. p 26.)

16



background .- woke boundary

upstream separation bubble tear separation bubble
or down wash zone or cavity

appoacingredevelopingI
1velocity Iboundaryi

profilelayer

reversed
h flow

reattachment
flow zone

Fiure 9. DO ie~nmton ot tI lov /oncs, ncar a ,hatp-edged building. Fronm 1). 1aM. 14 ld Po wcr Iiizarit i
6l,u Port II ueneme: 0%xa (il -iigi nering I ahorator% Press. 1991IJ p 27.)
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7-77. V.

wind profile for 5
smooth terrain

4

3
16terrain change felt

to this height

(smooth) (rough)
(a) Terrain change smooth to rough

4

- -terrain change felt
2...- to this height

(rougI (S m oo t h)
Mb Terrain change from rough to smooth

Figure 10. Wind speed profilecs near at change in terrain. (From D. Pal. Wind Power I Ii/i~aiu'fl Gh hh

* . [Port Hueneme: Naval Civil Engineering L.aboratory Press. 19811, p 129.)

h wind generator
'elevation

h= largest difference of terrain
* A=Iertgth over which largest difference of terrain occurs

@4 Figure 11. Ikerminatiivn (itf f Itrai. (i- lon] 1). Pi. II P ii c r tn I l ili:aiiwl Glmih. P~ot i- H encnic:
\ a% at 0%~ it I tigineet ng I iah0Tiat0r PITeS,. 1 9S 1) p 125.)



1. Locate the site ailong the prevailing wind direc- rotor si/c. Accurate estimates of % 1i1(1 Xcloit a te
tion upwind from all barriers, needed throughout thie year to detertmine the si/c otl

the wind power rotor required to meet theCotn~isomr'N
* *2. Site the machine outside the barrier flow distur- electrical load demands.

bance by locating it far enough upwind or downwindUof the obstacle (see Figure 9). Wind data sources include the National Weather
Service. the National F'orest Service, local electric

* 3. Take ad~antage of the change in surtl'c rough- utility companies, state and local agencies concerned
*ness, which produces the wind speed profilles shown with air pollution, nuclear power plants. and colleges
*.in Figure 10. or universities. [Data needed I r wi nd po%% cr calcut-

4. Place the turbine above the flow disturbance it* ainsae

the obstacle is unavoidable (see Figure 9). 1. Sin, ivitl .%/wee/~ *i:ntar'.s. These provide
tables of wind speeds for each month and the annual

In summary, wind speed may vary greatly within a average distribution of' these speeds.
short distance around elevated terrain, depressions,
man-made obstacles, and surface discontinuities. 2. Air dle,,sil r annuawl tne'w va/we. Air densitv can
The best approach to site selection in a complex be calculated by obtaining the annual mean dry bulb
terrain is to first analyze the effects o1' the various temperature value and the site elevation. When per-
topographical features in descending order Of Size. forming monthly calculations for wind power poten-
Once the effects of the topographical features have tial. only the annual mean value of' the air density
been assessed, the effects of any obstacles and surface must be used.-'
discontinuities should be considered to find the
optimal location. Existing weather data for an area might not

- - accurately represent the generator site conditions
because of topographical differences. If this is the
case, the site should be further analyzed to accurately

6 WIND POWER CALCULATIONS determine its wind velocity. Table 3 lists the ap-
proach, advantages, and disadvantages of three

When the optimal site for a wind power generator methods to estimate the site wind speed.
is selected, available data should be evaluated to
determine the available wind power. Power available
from the wind is defined as "the kinetic energy of a
column of' air moving undisturbed through a finite 1). PalI. p 7.

rotor disc area." 2' Thus, wind power output depends 'I ). I al . p 120t.

on both wind velocity and the wind power generator's ') ll I. I

Iable 3
Mlethods (if Mitv Anal)%% for %%ind Ilot~r Cetncralrs

Method Approach Ad~anlages Dkiadvanlages

A I c ~it(Id data it Ira niia rah.% I tiiile ilmec or pcnwc ()nI\ \%ork, \%ell in largze area
'Iation deterrrrine pt)\%r required tar collecting and at flat terrain Ahere ii~erage

outriput eharaeteisi' anialw ing data It rhed annrual %kind '~Peed,, are I I
pioperis. can he iee-eptabl\ niplr or gretter

6H Make linted on-ute \%id It there Iit high ear ielittiir 0I qiie~triiriih I eeIIIae\.
nic~mnicision etahmi hceieni vte itrand the pI"itieularlk %here. there I

riiigh eirrrelationt %%ith idaniirr this mrethroii should~t 'Ceirrt'l riiodiitatirr af wirld
iiearh ttion,. thIen he rroire acteirate t hart tie sPeed" rInd dir ect airi1
C Miirrie rirer irriri tIrt met had,

ha~trraoct er'ic',

( ( C ,I Ie i I( (iii l d I ' l ~I C ie ',oste triteat rietliort Rkequuie ir c'tsr ai %C,11 t

'ie 'Indrt l tar/L It to1 01111,1ri \k~oik' Ini il e lrrir i'it'l "''ItI'erir Nditeit osr

rcio ~' a I crti ~ l IBPns
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The available wind power, Pa (in watts), can be I ROTOR SIZE CALCULATIONS
calculated as:2'

"o determine the proper rotor si/e. power available
Pa 2pAv' (Eq I] from the wind, in units of watts per square toot.

should be calculated monthly for I year. Since all the
where p = annual mean air density (kg m) kinetic energy available from the wind cannot he

A = area swept by the rotor normal to the transformed into electrical power. an efficiencN cool-
wind (m) ficient ranging between .32 and .35 should he used to

v monthly or annual mean wind velocity determine the power extractable from the %kind hi a
(s). wind power generator. Next, electrical load require-

ments, in units of kilowatt hours, should be deter-
Annual mean air density can be calculated as:' mined monthly for I year. Thus. the rotor disk area

required equals the average load demand disided h
- .p = B, 5.989(D+273.15) [Eq 2] the average monthly power in the wind.

where B = barometric pressure at the site elevation Once rotor area has been calculated, the monthly
(lb/sq ft) (see Table 4) wind power generator output should be computed.

D = annual mean dry-bulb temperature (°C). This figure should then be compared to monthly
electric demand loads. Oversupply can be computed

Finally, to convert wind velocity units from miles per to estimate storage requirements and undersupply
hour to meters per second, multiply velocity by a will determine the backup power source required.
factor of 0.447. The appendix provides an example of si/ing a rotor.

Figure 13 shows examples of wind power generators
The area swept by the rotor (i.e., the size of the currently being tested, as well as their rotor si/c and

wind system) should be determined by comparing the annual energy output.
power available in the wind and the electrical power
demanded by the consumer. Therefore, power avail-
able from the wind is usually given in units of watts 0
per square meter or watts per square foot and is equal SYSTEM COMPONENT SELECTION

to '/2 pv . Figure 12 gives an overview of wind power
potential for difterent areas of the nation. These
estimater may differ from onsite calculations because Once the system size has been established. system
of topographical effects. To convert wind power components should be selected. Components requir-"-'"-f" ting further consideration include rotor blade con-potential from watts per square meter to watts per struction, tower construction and height. transmis-

-. square.0929 foot. multiply power potential by a factor of mission system, electric generator, power condition-
.02.ing subsystem, and storage.

Blades
Table 4

Properties of Standard Atmophere Propeller blades are designed in the form of airfoils
and are generally straight and untwisted. They can be

Altitude (ft Presure (lb/%q ft) constructed of metal, wood, fiberglass. or a combina-
tion of these materials. Figure 14 illustrates materials

.0 2.116 and construction methods.
-.000 2.040

"-""2.0H) 1.96,7

3.(X)O I ,9 Tower Types
401)1) .X27 fable 5 summarizes the basic types of towcrs
50H) I 760 available.
60H)5 1.696

%* - "O) 1.633-"N5 1.671 Selection of an optimum tower height 10r a wind

- 9.0H,) 1.512 system should be based on cost per foot of tower and
10,.,,( (.X)5 the gain in wind velocity per unit of increased

'w iam 1) Met/ anda Allen I Hamnmnd. S'tdar IVircii in
.D. Pit 1. p 7 4rpi, t' a r ( ahingt in. )( Anicrican A~m, maii ot(i m t e \d-
'. : 1) Pal. p II. '.ancenicnt it Science. 197X. p 125
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laminated wood covered with

Solid Wood Blade fiegls

tube spar rivets \fiberglass
skin

Tubular Spar With Molded
Fiberglass Skin

Extruded Hollowafri
Metal Blades

tube spar rijve* ts shut metal skin

Tubular Spar With Metal
Ribs and Skin

laminated wood balsa wood
coee w~h or foam honeycomb, balsa wood,

f ibergloss or foam filler bonded ~ z
to tube spar

Partially Solid Blade

Composite Blade fiegaskn
Construction

Fipure 14. D~ifferent blade construction methods. (FIrom I). Pal. "'irni PollI'r I iilizuijun (,un/c PortI
Hueneme: Naval Oi~il Fnigincering Laboratory P~ress, 19811, p 77.)
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Table 5
Variou% Tower Tspes for Wind Power Generator*

Type Construction Advantages I)isadantage

I russ Standard steel sections Readily aailable most Ethetic,: 'expoed

and connections economical: eass cnsironment ol the
modifications. small cost ser icing steps

Reinforced truncated circular cone Material and labor Hea%%s cxpensise: poor
Concrete put into place using readily a%ailable properties require rein-

slip forms forcing steel: possible
crack development

Steel Rolled conical sections (ood esthetics Most expensi e thpe:
Shell which ar' field sclded erecting specialists

required for construction

(iuyed Pole Circular steel or wood Pro% ides strength Poor esthetics.: large
supported h% steel cable% against buckling land area required

*From 1). Pal. Hind Povier I 'uh:aiin (ithol/ (Wort Hueneme: Na%al Civil Engineering laboratory Press,
1981 p 99.

- . elevation above the local ground. The recommended Table 6

i minimum blade clearance above tle ground is 10 m.29  Optimum Tower Heights for a 20-kW Wind Sstem

Below this level, the amount of turbulence increases, in Various Terrains

* . operational safety becomes questionable, and the Optimum Tower Height (ft) When Ratio
mean wind velocity decreases considerably. On a Terrain of Cost of a 33-ft Tower to Total
good hilltop site, tower height may be kept to this Types S stem Cost Is-

" minimum level. Increasing tower height in open-level
% rural areas where there is a low mean wind velocity is 0.1 0.2 0.3

advantageous if tower costs are small compared with Suburban Area 77 58 5O

total system cost. The extreme case for justifying a
tall tower is a site on the fringe of an urban area. I eiel lerrain 65 44 i5

Along coastal areas, modest increases in tower height Iow-I e~cl

can be justified. Table 6 lists the optimum towr Coastl Sites 67 to 75 4X ti 53 3X ti .13

heights for a 20-kW wind power generator in various

settings: three ratios of tower cost to system cost are iood Hill Sites 60 to 65 38 to 44 33 tii 15

given.
iNotes:

Transmision Systems Site annual aserage wind speed at 33-It height - 10 mph

Transmission systems may either be fixed-ratio Rated wind speed for the wind %sstem 20 mph
gearbox. btltdrive, chaindrive, or hydrostatic drive. Cut-in wind speed for the wind s',stem 8 mph

Most wind power generators use the fixed-ratio Shut-down wind speed for the wind s\stem 50 mph

gearbox. Gearbox transmissions are well-developed, Rated power 20 kW'

provide excellent efficiency, and are highly reliable Power at cut-in Ift k%

up to levels greater than 1000 kW. Belt and chain
transmissions are not as efficient as gear transmis-
sions and have not been used extensively in wind Energy Conversion

70 power systems. Hydraulic transmissions are very The following factors should he reviewed when
inefficient and have very limited use in wind power considering conversions of wind energy to electrical
generator systems. energy:

1. Type of output desired:
________a. Direct current (DC)

2'D. Pal. p 00 b. Variable frequency alternating current (AC)

24
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c. Constant frequenc .A('. \ariahlc \,oltag, and . icc. I , .,' ths c.,i ,,

2. Wind turhine rotational speed: poser conditionin. s\st, in make,, it pos'ih c t-
- a. Constant speed obtain constant oltag anld ryCICti + on0M ,,Is d

. - b. Nearl constant speed or a riable slip energs con, ersion s\ sterns. I hc 1i0111)"t# s. I Os,

c Variable ,peed. list and explain a \itrL\ ot posser +conl;tlnL'
3. Urse ol electrical cnergs out put: systems.

a. latter\ storage
h. Other forms of stoiagc Il( Il ,,, * .1( (,,n, M l,1

c. Interconnection %kith AC grid. lhis s\stem gertc. I)(p,,,.su) ii,' i 10]
\ "he n lsed " Ith t I)( pt.niicIit it or t 1,1a l t ..Pkkd

I he follo\%ing sections explain the components AU gcnerlotr %ith ii aNtl vinci -reci icl,: I
needed to convert wind energy to electrical power. poser i, stOrCd inI hlticis and 111,1\ hC u,,Cd 1

operate it DC (notor-dris,,ll Ss ilchlioll tl, (it o 1(11h

Electric Generators tion generatol
Wind power generators smaller than 2 kW general-

ly use DC generators. Wind systems greater than 2
kW can use one of three types of generators to Ihis system sends hoth %iid and aJ\ z 1,I\ p)\ i

produce AC power: synchronous generator, induc- through acontrol panel ciiher br imenic I( irs'

t tion generator, and a DC generator with an inverter or for I)C batter\ storage. II an AC load is rctnlicd.

to produce AC power. The synchronous generator is power is sent t(o a DC-AC inierter h\ the control

. the most attractive since it is readily accepted and panel. This s5stcm is sell-contained and upphes

well understood bv utility companies. It also supplies uninterruptible power as required.

needed reactiie power lor the loads and the transmis- St-tirhrotrr)U Itiveri
sion network for voltage support and regulation., . T~~his system takes tihe r'ctlibcd oultptl ofI an 'V'(
[his generator is slightly more eflicicnt than other wind generator throughan ini~citers\,tom and 1ccd,

windsystems and is readily available.
s m i a vait to the existing grid lines I he in\crter s\stem

converts I)C" ind pocr to A' po\&er. I hc AC
DC generators are adsantageous because opera-,'.-" D geeraorsaread~ntacou beaus opra- power is sent to the AU grid. \%here it I,, lixcd at the

tion and control problems are less complex. DC is se to teA grid s .hereit s t i xtI voltage and frequency of the grid lines. Excess posser
generators can accommodate, with a manageable then Iows into the grid netsork. sshich serse, as a

range, a large mechanical torque variance with some
output voltage variation. Howeverdevice. he load obtains p r at the oltag

and frequency fixed by the grid lines. Ios\e\cr, the
either be used directly or an inverter must be
provided. The latter action increases sstem costs. In that ol the integrated srg ind generator.

general, DC systems cost more per kW generated
than other types of electromechanical converters. Fichl-. lrrlafItt 1 /r./tarrr1% C

This system, sshich is still under dcclopnirnt.
An induction generator does not require precise would direct wind posscr to a \ariahlc-,pccd. coin-

svnchronilation when it is connected to the network. stant-frequency genciatiig s stem. Mtodulation \\ rirld
Because of its variable slip operation, it is more result from AC excitation or control Input frm the
tolerant ol wind gusts: it also provides better stability existing power line.
and damping characteristics when linked to a utility
nctork. It is less expensive than the synchronous ,4utotrati( Load .Ifatihi! .ii tm It l/h a
generator for s\stcms of' 1000 kW or more. However. Variahh lrai.+iiormcr

. induction generators need power factor correction This system, which is also under dcclopmcnt. can
capacitors on the power line; these capacitors deter produce relative constant soltage at the load h\
the excessive reactive current floss produced when passing generated posser through a crnstant \oltage
current is drawn from the line for its excitation. There autotranstormer. The generator can then share load,,
is an automatic loss of excitation if the generator is with the existing power source.
separated from the network, and there is no direct
%sa, to control voltage. -Table 7 summariucs the cost ol all li\c s\sterInls til

5-kW and 10-kW sites. Figure 15 shos tsill l ie elen'\
Power Conditioning of the powser conditioning sstems. I he load riclh-

The uncertain nature of wind velocity causes the Ing system is the least expcnsi\e and most elli.c'lIi
*.. wind power generator rotor to turn at variable system, but it cannot pro\ide constant -liCLqrincTs

speeds; thus, the generator delivers electricity with power.
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I aih, 7
'."~i ( i u), 1 rititn% Pioir~r ( iinld1liqmiillg %, ,hicim fo~r

5- antd 10(-kA % %jndI ( .vnralo r%

(ot (SI for-
T) pe ( ommerlis

I0-k %
Generator ( tn.'rator

( je neratmo. t1in ict ,ilk jiail hhc

2. Solid-State In',crtc f S0))) .0)) I 11 nl1iitcn,1nc.
hih Ir.' ilht .%
coir'n micircalk\;1 ajilahll'

S c3. n.hronttu, Inietci 2.))) 4.)0) (poctate %il an exi-ting' " po%%ei grid o~nk.

4. FI" l'd- M odutlate.d I AH)0 1. 500 S\, ,tell) ,till tld' dc
'',
clopimt'llt

AItIrnatiot nt comm .rciahlk it\auiahle

5 (•1I * Sn%&tching S\,eni I .1 I 1.200l) S.,teni tmdi dt'\C 1Pt' l 1Cpt :
V.ith a Variahle doic, not pio\idc xnchrono uj
I rantslornl er pO\Vr c imllpoil t'.

l%° '0 ~~~c ninie2rc.ial \ a ;ill hlt.

* [)eveloped h% the Na"al ('i0 1tnginecring I ahorator. Port lIutneC'ne.

Storage Systems
Energy generated in excess of immediate power 9 CONCLUSION

demands may be stored for later use at times when
winds have diminished and power requirements are
high. The most common type of energy storage This report has presented an overview of the
system is the lead-acid battery. Batteries are advan- preliminary analyses required before procuring a
tageous because they are simple and require minimal wind power generation system at Civil Works field
maintenance. However, batteries are an expensive operating sites.
form of energy storage and have only 60 to 70 percent

,- conversion efficiency. Other storage systems, rarely Wind power generation systems are best applied at
used, include compressed air storage, electrolvsis of remote sites where average wind speeds exceed 10

, water to produce hydrogen, and pumped storage at mph. Although wind power generation systems have
hydroelectric sites. been developed from I kW to 2.5 MW, those ranging

from 5 kW to 100 kW would be most appropriate for
On the other hand, excess energy output may be Civil Works field operating sites. Whether a wind

transmitted from the generator to an existing electric power generation system is procured will depend on
grid where the local utility company can purchase the system's ability to generate electrical power
generated wind power at "buy back" rates. Excess relative to its cost, however, an efficient system
power dispersed in this manner must meet local provides the potential for fossil fuel savings.
utility specifications, and if unsatisfactory, generated

* power must first be routed through a power condi- REFERENCES
tioning system to obtain AC power at the voltage and
frequency of the grid line. If this method proves to be Engineering Regulation (ER) 11-1-10, Corps of ln-
most cost-effective, Federal guidelines for marketing gin'eers Energv Program (II.S. Department of the
must be followed. Army., 15 April 1992).

-._
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CEL system with
variable transformer

"synchronous
inverter

80 fedmdltdsolid-state inverter

alternator
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W
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Figure I5. Fficiency of- va rious% powcrr conditioning sytcrn, (F[romn 1). l,,i I. IfIIrni I'e r I I/Cli i

(;uidc f Port H ueneme: Naval Civil igiiccring I ahoraiorx Pi-s 1 98 1). p 113.)
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0Hassett, Mar k IL.., If ihil tierii Al ichigaii( U. Iiver- site's wind characteristics and the load requirement
sity of Michigan Press, 1982) of' the power system are:

Kelley. Neil, "Wind-lurbine Noise Research at S F' ". [he heating season is I1rom mid-October to mihd-
In Reviett(Mayv June 1982). April. lasting about 6 months.

Koeppi. Gjerald W.. Putnati'N Power I~roni the wind.f 2. '1he heating requirement is 575 M Btu per
2nd Ed. (Van Nostrand Reinhold Company., 1982). heating season (see [able Al).

Marshall. Harold F... and Rosalie T. Ruegg, Sitni1 ,li- 3. 'The terrain is flat and homogeneous. with trees
lIed L ner1gl IheS.iifl Economlies.iC Publication 544 up to 30 I't tall.
(National Bureau of Standards. 1980i).

4. The annual average wind speed b'r the site I,,

McGraw, Michael Gi., "Wind-~urbine Gjenerator 12.4 mph; the average value f'or the heating season
Systems." Elecirical 14orld (May 198 1). (October to April) is 13.39 mph. [able A2 gives the

monthly wind characteristics for the site.
Metz. William D)., and Allan 1L. Hammond, Solar

Energyv in Amnerica (American Association for the 5. The present cost of energy at the site is $0.08
Advancement of' Science. 1978) kWh and the buy-back rate is $0.06 kZh.

Pal. D.. Windl Power U ti/rzatiot 611ide, (Naval Civil The wind power generation system rotor size may
Engineering Laboratory Press. 198 1). then be calculated based on the average load require-

ment and the average available wind power. Hence.
the turbine disk area required amounts to 1400.2 sq It
(8261/5S. 9), which implies a rotor diameter of about

APPENDIX: 42 ft. Table A3 shows the actual energy generated by
such a wind generator system and the amount of

EXAMPLE OF SIZING A WIND heating load which may be displaced. The cost of'
POWER ROTOR heating energy displaced is calculated at $.08 per

kWh. Excess energy is assumed to be sold back to the
This example applies the calculations described in local utility at $.06 per kWh. The energ vdisplaced by

Chapter 6 for finding the adequate rotor size to a wind power generation system amnounts to about
supply enough electrical power to meet consumer 87.74 percent of the total consumption (see Figure
demands. The example is a plan to displace pur- Al1).
chased power with wind-generated power for space
heating of a building at an installation near Buffalo, Table A2
NY. Data which would have been previously collect- Wind Characterisiics for Site

% ed by onsite analysis for determining the nature of the

%ind A~jii r F~rom the
Table AlI Speed in the wAind w~ind S%,lem'

Hleating Requirement for the Season Moni, (mph) 0'% /%q (I 1 ' 0% "%(ft

Heating Requirements October 11.5 IS 4 41)
-Month Noncmhcr I 3.3 21 0I 6

mBlu kWh D~ecember 13,5 2312
January 13.5 21

* .October .63. 103 1-chrutary, 1.9 23' 7
Noscmher KS 7,328 March 14. 1 27 1
Dcecmber 98 9.449 April 13 2 22 1
January l0K 9,3101 Ma 11.9 14 9 4 8
F-ehruar% ((08 9.3101 tunc 1I .6 14 1 4 S
March 115 9,914 J111% 11.1 12) I9k
April 2S 2.155 Augii~i ((.5 I 1I 0

Scrtcmrne 11 1 13 14
total 575 49.568

A~crage 12.4 Is's 5

Nv'rg o hl onth%6 *O~crall pomkci cocilicient lot 0sIc~ 12
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ITable .A3
Actual lEnerg) Generated and D~isplaced bt * s ind Powecr Genermlion MS)tem

N% ith a Rotor D~iameter oif 42 Ft

Amount oif Power (s Price
W4ind S %tem Heating Required After oif Vnerg) oif Fnerg)

Output Requirement D~isplacement Displaced Sold
M1onth (kWh) (k %Nh) (k~~i %%) I)

,0$ ctober 5.082 3.10) 0 249 1 19
Nosernber (0011 7.328 624 536 0I
December 7JAN 8.44K 800) (12 0
.tdouan, 7.7S1 9.30 0)15X8 620) 0
lehiluais 7,122 9.31) 2.189 570) 0
march 9,00)8 9.914 9015 721 0
Apfil 7.0)52 2J155 1,172 2194
mm~ 4,916 0) 0I 295
Junfe 4.418 0I 0I 0I 2 -
Jul% 4.0)61 0) 0) 0 2441
August 3,028 0) 01 0 21h
Septerrpher 4.30)9 0 0 0 259

r'o~a 71.,77X 49,56S 6,076 3.479 1.6(9

N otes:

~ -~-~Rotor disk area required - Aserage load demand

Aserage monthl% power in the wind

K. 8261 -1,4(X).2 sq ht

Rotor diameter required -- 42 It

Usable energy generated h), the wind %sisem -49.568 - 6.0)70

43.492 k~kh

Plercent o) usahle energ generated by wind s%. stem -43.492 61
71.778

"Iotal mnonetary amount gained hy wind system =3.479 4- 1.099

METRIC CONVERSION CHART

I loot =.30)4 meter

I tmile 1.6 square kilometers
I acre 4.0)5 sqhtate kilometers

I mile hotu .447 mhider second
I pound .45 kilogiam
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Figure Al. Monthly demand, wind system output, and net demand after displacement. (From 1). Pal.
Wind Power Utilization Gide [Port H ueneme: N avalI CivilI F ngi nee ring L~ahorat ory Press.
198 1] p 15 7.)
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ISAE 09081 ATTN: APEN-IM
V Corps

ATTN. DEH (11) SHAPE 09055
VII Corps ATTN: Survivability Section. CCO-OPS

ATTN: DEH (15) Infrastructure Branch, LANDA
21st Support Command

ATTN: DEH (12) HQ USEUCOM 09128

USA Berlin ATTN: ECJ 4/7-LOE
ATTN: DEN (15

USASETAF U.S. Army, Fort Belvoir 22060
ATTN: DEH (61 ATTN: Canadian Liaison (Officer

Allied Command Europe (ACE) ATTN: Water Resources Support Center
ATTN. DEH (3) ATTN: Engr Studies Cpnter

ATTN: Engr Topographic Lab
8th USA. Korea (14) ATTN: ATZA-DTE-SU

ATSN: bTZy-ICE-EM
ROK/US Combined Forces Command 96301 ATTN: R & 0 Command
ATTN: EUSA-HNC-CFC/Engr

USA Japan (USARJ) CRREL, ATTN: Library 03755

ATTN. AJEN-FE 96343 EL, ATTN: Library 22060
ATTN. DEH-Honshu 96 13
ATTN. DEH-Okinawa 96331 WES, ATTN. Library 39180

Rocky Mt. Area 80903 NO. xVII Airborne Corps and

Area Engineer, AEDC-Area Office Ft. Bragg 28307

Arnold Air Force Station. TN 37389 ATTN. AFZA-FE-EE

Western Area Office, CE Chanute AFB, IL 61868

Vandenberg AFB, CA 93437 3345 CES/DE, Stop 27

Norton AFB CA 92409
416th Engineer Command 60623 ATTN. AFRCE-MX/DEE
ATTN: Facilities Engineer

US Military Academy 10966 Tyndall AFB, FL 32403

ATTNt Facilities Engineer AFESC/Engineering & Service Lab

ATTNI Dept of Geography & NAFEC
Computer Science ATTN. RDT&E Liaison Office (6)

ATTN. OSCPER/MAE-A ATTN. Sr. Tech. FAC-03T 22332

ATTN-. Asst. CDR RD. FAC-03 22332

AMe. ATTN. DRXMR-WE 02172
NCEL 93041

USA ARRCOM 61299 ATTN: Library (Code LOAI
ATTN. DRCIS-RI-I

STTN, ORSAR-IS Defense Technical Info. Center 22314

ATTN.: DA (12)
DARCOM - Dir., Inst., & Svcs.
ATTNt DEN (23) Engineering Societies Library

See Torh, NY 10017

DLA ATTN. DLA-WI 22314

National Guard Bureau 20310
FORSCOM Installation Division
FORCO 4 Engineer, ATTN: AFEN-QEH
ATTN. OE Ti3) iS Government Printing Office 22304

Receiving Section/Depository Copies (21

IS Army Env. Nygiene Agency

ATTN: HSHB-E 21010

SNational Rureau of Standaros 20760
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SPECIAL DISTRIBUTION

Facilities Engineering Support Agency Charleston District Pit niurgo DistrictAAT: FESA-ti ATN: SACCO AM: DRPOP-C

Cold Regions Research and Engineering Lab Chicago District Portland District
AIIN: RREL-AE 177C:: NCCCO AM: IPPnD

,atereavs Experiment Station Jetroit Distrtct oce
ATTN: "E-171E ATTN: NCECO I

Huntsvills Division Fort Worth District Sacramento District
AII:' Hi E>- ATIT: SWFOD-R A N: SPKCO-u

Lower Mississippi Valley Division Glveston District SnFacsoDsrcAIIM: LMVCD ATTN: SWGCO AIM: SPNCO

Missouri River Division Huntington District Savannah DistrictATTN: .MOP 
AIN: ORHOP-M AIM: SASOP-P

*i New England Division Jacksonville District Seattle District. AIIN: NEDOD-P ATTN: SAJOD-P AttlM: DiPSP

North Atlantic Division Kansas City District St. Louis District
AIM:NACQOPATTN: HIRM AIM: MSOD-?

North Central Division Little Rock District St. Paul DistrictATM: ,ICDED-fE AIM: SWLCO AM : NCSVED

North Pacific Division Los Angeles District Tulsa District*'- AMII: NPDZC-E ATTN: SPLCO ATTM: SWED

O- Shio River Division Louisville District Vicksburg DistrictAIM: SPDCO-O AIM: ORLOP ATTN: LDiOD-o
South Atlantic Division Ma1phis District Walla Walla District

AMlh : SADCO-O ATTN: L 0D- R ATTN: EPWDC -ms

South Pacific Division Mobile District Wilmington DistrictATTN: SPDCO-O ATIN: SAMOP-P ATII: SAWCO

Southweacrn Division Nashville District
-ATTM: SWECO-IS AIIM: DRNOP

Pacific Ocean Division New Orleans District
AITN: PODCO AIIM: LOD-PP

Alaska District New York District
ATN: NPACO AI : M4AOP- P

Albuquerque District Norfolk District
A TN. SWACO AIM: NAOOP-C

B aitore Dsrtlt a&ha District
A. AII: NABO? AIIM: 9ffiOOP-?

Suffalo District ?hiladelphia District
ATTN: C3CD0 AIIN: NAPOP
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